A mouse nanos (nanos1) gene was cloned and its function was examined by generating a gene-knockout mouse. The nanos1 gene encodes an RNA-binding protein, which contains a putative zinc-finger motif that exhibits similarity with other nanos-class genes in vertebrates and invertebrates. Although nanos1 is not detected in primordial germ cells, it is observed in seminiferous tubules of mature testis. Interestingly, maternally expressed nanos1 is observed in substantial amounts in oocytes, but the amount of maternal RNA is rapidly reduced after fertilization, and the transient zygotic nanos1 expression is observed in eight-cell embryos. At 12.5 days postcoitum, nanos1 is re-expressed in the central nervous system and the expression continues in the adult brain, in which the hippocampal formation is the predominant region. The nanos1 -deficient mice develop to term without any detectable abnormality and they are fertile. No significant neural defect is observed in terms of their behavior to date. q
Introduction
A nanos gene, encoding an RNA-binding protein containing a zinc-finger motif, was first identified as a maternal-effect gene required for abdomen formation in Drosophila (Wang and Lehmann, 1991) . Nanos mRNA and its protein are also incorporated into germline progenitor cells or pole cells, where nanos is necessary for proper pole cell development; in the absence of maternal nanos, primordial germ cells fail to migrate to the somatic gonad and do not become functional germ cells Forbes and Lehmann, 1998) . Drosophila nanos functions with Pumilio as a translational repressor via binding to nanos-response elements (NREs) located in the 3 0 -untranslated region (UTR) of target transcripts such as hunchback (hb) and cyclin B (Murata and Wharton, 1995, Asaoka-Taguchi et al., 1999) . To date, nanos-related genes have been cloned in invertebrates, such as leech Helobdella robusta (Hro-nos; Pilon and Weisblat, 1997) , Caenorhabditis elegans (nos-1, nos-2 and nos-3; Subramaniam and Seydoux, 1999) , and Hydra magnipapillata (Cnnos1 and Cnnos2; Mochizuki et al., 2000) , and in vertebrates, such as Xenopus laevis (Xcat-2; Mosquera et al., 1993) and zebrafish Danio rerio (nos1 and nos2; Koprunner et al., 2001) . In these species, maternal factors play a critical role in germ cell specification, while nanos is implicated in migration and maintenance of primordial germ cells (PGCs) in Drosophila , C. elegans (Subramaniam and Seydoux, 1999) and zebrafish (Koprunner et al., 2001) . In mouse, however, it appears that the specification of a germ line does not depend on maternal determinants. On embryonic day 6.0 -6.5 (E6.0 -6.5), the proximal region of epiblast cells closely to the extraembryonic ectoderm contributes to PGCs in later stages of the embryo (Hogan et al., 1994) . Regarding important molecules required for the generation of PGCs, bone morphogenetic proteins BMP4 (Winnier et al., 1995; Lawson et al., 1999; Fujiwara et al., 2001 ) and BMP8b (Ying et al., 2001 ) are implicated. Most homozygous Bmp4-deficient embryos die around gastrulation (Winnier et al., 1995) and these embryos lack PGCs and the allantois (Lawson et al., 1999) . These lines of evidence have raised questions of whether nanos homolog(s) are present in the mouse, and if so, whether the nanos homolog(s) have functions similar to other nanos-class genes. In this paper, we report the cloning and characterization of a mouse nanos homolog gene, designated as nanos1 (GenBank accession number: AB095029), which is also maternally derived. Surprisingly, the zygotic nanos1 is highly expressed in the central nervous system (CNS), but not in developing germ cells. Furthermore, nanos1-deficient mice do not exhibit detectable abnormality, suggesting that another nanos-related gene(s) might be present and play a role in germ cell development.
Results

nanos1 contains well-conserved zinc-finger motif
A cDNA fragment corresponding to a region of the zincfinger motif was successfully amplified by degenerated RT-PCR. Using this DNA fragment, we isolated a full-length cDNA by the hybrid capture method. As shown in Fig. 1A , B, the isolated cDNA, nanos1, contains a coding region of 193 amino acids and about 1 kb of 3 0 -UTR. A genomic DNA isolated contained only a single exon for nanos1 and this gene was mapped at the distal region of chromosome 19 (data not shown). The amino acid alignment revealed that two CCHC zinc-finger motifs were well conserved among nanos-class genes of other animals (Fig. 1B) ; however, regions outside of this motif showed no homology at all.
Maternally derived and zygotic expression of nanos1
Previous studies on other animals clearly showed that nanos is maternally inherited in oocytes. Therefore, we first examined this possibility using whole-mount in situ hybridization and semi-quantitative RT-PCR. Maternally derived nanos1, which is distributed uniformly in the cytoplasm, was observed in growing, germinal vesicle (GV), metaphase II (MII), and 1-cell stage eggs ( Fig. 2A) . After fertilization, the amount of maternally derived mRNA abruptly decreased at the two-cell stage ( Fig. 2A,B) . The results were consistent with that obtained by . Although the zygotic nanos1 expression could not be detected by in situ hybridization, the RT-PCR result suggested the zygotic expression at the eight-cell, morula and blastocyst stages (Fig. 2B) ; this was later confirmed by the analysis of LacZ-knockin mouse (see Fig. 4B ). In the mouse, PGCs first become visible as alkaline-phosphatasepositive cells at the base of the allantois at 7.0 dpc. They are found in the wall of the hind gut at the migration stage from 8.5 to 10.5 dpc, and after reaching the genital ridge the PGCs enter the testis or ovary by 11.5 dpc (Hogan et al., 1994) . Therefore, we examined the nanos1 expression in the germ cell lineage by whole-mount in situ hybridization from 6.5 to 12.5 dpc stages of embryos. However, the expression of nanos1 was not observed in these stages.
nanos1 is expressed predominantly in CNS
To examine the role of nanos1 and to facilitate the analysis of their expression during the course of mouse development, we generated a knockin-type targeting vector by which the LacZ gene was replaced with nanos1 to be translated instead of nanos1 (Fig. 3A) . The targeting vector was introduced into ES cells. Of 43 G418-resistant ES cell clones, two homologous recombinant clones, #29 and #44, were selected by PCR and verified to have the correct homologous recombination by Southern blot analysis (Fig. 3B) . We obtained chimeric mice derived from clone #44 and confirmed the germline transmission. The neo cassette was excised by crossing with CAG-Cre mouse (Sakai and Miyazaki, 1997) and the progenies were analyzed by PCR (Fig. 3C) . We confirmed that nanos1 mRNA was not expressed in the homozygous mutant tissues (Fig. 3D) .
The expression of nanos1 was examined based on b-gal activity. As expected by the results obtained by wholemount in situ hybridization and RT-PCR, maternally derived nanos1 was revealed as a b-gal positive dot, and it was not distributed in the cytoplasm (Fig. 4A) . We always detected a single dot per egg, which may reflect localized translation of LacZ RNA or localized protein accumulation. However, since we did not use endogenous 3 0 -UTR in the construct, this distribution does not reflect the endogenous nanos1 protein. The zygotic expression, which was examined by crossing wild-type female with nanos1 2/2 male, was detected at the eight-cell stage eggs (Fig. 4B) . Although the expression was still visible at the blastocyst stage embryos, the expression was absent between 6.5 and 11.5 dpc embryos. At 12.5 dpc embryos, however, nanos1 was re-expressed in the CNS, genital tubercle, and pinna ( Fig. 4C -E) . Thereafter, the major expression was observed in the CNS. To clarify the expression pattern in the CNS, serial sections of 14.5 dpc embryo (Fig. 4F) were analyzed for b-gal activity. As shown in Fig. 4G -K, the b-gal activity was observed in the cortical layer (Fig. 4G,I ,J), a region forming that will be the future hippocampal formation in the telencephalon (Fig. 4G -J) , the neuroepithelium (Fig. 4G,I ,J), thalamus (Fig. 4J) , pons (Fig. 4I ,J) and medulla (Fig. 4K) . The b-gal activity in the CNS continued in the adult brain, in which the expression was observed in the hippocampal formation, cerebellum, lateral geniculate body in the thalamus, superior colliculus in the mesencephalon, ventral tegmental area (VTA), piriform cortex, and olfactory bulb ( Fig. 5A -C) . Although the expression was widely observed in the brain, the predominant signal was observed in the hippocampal formation. The b-gal histochemical staining revealed b-gal positive cells in the granule cell layer and molecular layer in the dentate gyrus and CA3, but not in the CA1 and CA2 of the pyramidal cell layer (Fig. 5D,E) . The expression pattern strongly indicates that nanos1 is expressed only in granule cells of the dentate gyrus, because the b-gal staining observed in the molecular layer could be due to the expression of b-gal in the dendrites of granule cells and the b-gal staining in the CA3 region could be due to the mossy fiber projection from the dentate gyrus. The b-gal staining in the granule cell layer might be due to the expression in both granule cells themselves and/or terminal on the granule cells by the projection from the outside of dentate gyrus. Actually, we detected the positive signals of b-gal histochemical staining in both nerve fibers and nerve terminals by ultra structural analysis (Fig. 5F,G) . Inconsistent with the b-gal activity, however, nanos1 mRNA expression was observed in the entire granule and pyramidal cell layers (Fig. 5H) ; the pattern was consistent with the expression pattern of the LacZ transcript (Fig. 5I) , which is expected when using our targeting strategy.
Although nanos1 expression was not observed in PGCs during embryogenesis, we detected its expression in the adult ovary and testis by b-gal staining of nanos1 2/2 mice. In the adult ovary, b-gal activity was detected in various stages of maturation of oocytes (Fig. 5J ). In addition, b-gal activity was clearly observed in seminiferous tubules in the adult testis, specifically at the spermatid stage (Fig. 5K ,L).
nanos1-deficient mice are viable and show no significant abnormality
Contrary to our expectation, crossing of heterozygotes gave rise to nanos1 2/2 mice without any loss (49:87:33), indicating that the nanos1 2/2 mice are viable. Since nanos1 is maternally supplied to the oocyte, nanos1 2/2 female was crossed with either nanos1 þ/þ or nanos1 2/2 males that might have some defect because nanos1 is expressed in the testis. Nevertheless, normal pups were delivered in either case. In addition to the oocytes and spermatids, nanos1 is expressed in the hippocampal formation of the adult brain. The b-gal activity was much higher in nanos1 2/2 hippocampus and the apparent b-gal staining pattern differed between nanos1 þ/2 and nanos1 2/2 ( Fig. 6A,B) . However, the difference is solely due to the LacZ allele dosage, because we did not observe any difference when we compared the staining pattern with the dosage-adjusted brain of mice generated by crossing heterozygous nanos1(nanos1-LacZ) mice with another nanos1-null line (without LacZ integration, unpublished data) nor when we compared by HE staining (Fig. 6C,D) . We also analyzed gene expression by in situ hybridization using probes coding for Math2 and Prox1 that are known to be expressed in granule cells in the dentate gyrus (Elliott et al., 2001) . However, the expressions of these genes are not significantly affected in the brain of nanos1 2/2 mice ( Fig. 6E -H ). We then used Gene Chip to compare the gene expression in more detail. Although the expression level of some genes increased (at most, 5.09-fold) or decreased (the smallest was 0.33-fold) in the hippocampus of nanos1 2/2 mice (Table 1 ) and the results were confirmed for some (M12571, AW122933, D00073 and X81580) of selected genes by RT-PCR (Fig. 6I and Table 2 ), further thorough analysis is required to evaluate the significance of these changes. Finally, to detect possible defects in their neuronal function, we employed two behavioral tests: passive and active avoidance tests, to measure learning abilities among the strains (Koide et al., 2000) . As shown in Fig. 7 , however, a significant difference in behavioral pattern was not observed among wild-type, heterozygous and homozygous mice.
Discussion
We have cloned a mouse nanos homolog gene, nanos1, which shows a high degree of conservation in the zinc-finger motif with other nanos-class genes identified to date. In addition, nanos1 mRNA consists of a long 3 0 -UTR. Although the function of the nanos1 3 0 -UTR is totally unknown, it has been reported that the localization of nanos mRNA is mediated by the sequence within the 3 0 -UTR Lehmann, 1992, 1994) .
The expression pattern of nanos1 shown by in situ hybridization, quantitative RT-PCR and b-gal activity in the LacZ knockin mouse confirmed the presence of maternally inherited transcript in oocytes. In vertebrate nanos-related genes, Xcat-2 in Xenopus laevis (Mosquera et al., 1993) , and nos1 in zebrafish (Koprunner et al., 2001) , are also maternally expressed. In mouse, however, the mRNA localization in eggs does not show any spatial restriction, but shows uniform distribution throughout the cytoplasm. Although in Xenopus, zebrafish, and many organisms, the formation of PGCs is determined by the inheritance of maternal factors asymmetrically deposited in the oocyte, germ cell specification does not seem to depend on the maternal determinants in mammals. In fact, the maternal nanos1 disappears post-fertilization and zygotic nanos1 is transiently expressed at the eight-cell stage but thereafter the expression is not observed in germ cell lineage. Moreover, gene knockout analysis in the present study indicates that nanos1 is not involved in germ cell development. On the contrary, when we examined the nanos1 expression in the adult ovary and testis by b-gal staining, it is clearly shown that nanos1 is expressed in maturating spermatids and oocytes. Nevertheless, both male and female nanos1 2/2 mice are fertile. Interestingly, it appears that the expression of the zebrafish nos2 is detected in the nervous system but not in the germ cells (Koprunner et al., 2001) . It is unknown whether the mutation of nos2 affects zebrafish development or not, but it should be noted that another nanos gene, nos1 is expressed and implicated in the germ cell development in zebrafish (Koprunner et al., 2001) , which suggests that another nanos-related gene(s) might involve in the germ cell development in mice. In fact, we have recently isolated some putative nanos-related genes and the expression was observed in germ cells lineage (unpublished data). When these findings are considered together, it is presumed that different nanos-related genes play distinct roles during development, either in the nervous system or germ cells formation, respectively.
By the analysis of b-gal staining, the expression of nanos1 appears to be widely distributed in the brain, which includes the optic tract axons terminating in the superior colliculus and/or lateral geniculate body, and dopaminergic neurons in VTA sending their axons to the piriform cortex. In addition, it is also expressed in the hippocampus, cerebellum and olfactory bulb. However, the consistency of the expression pattern that possibly indicates the presence of a functional neuronal network was not clearly demonstrated. We focused on the hippocampal formation because the expression signal is predominant in the area. Although we could not detect any morphological anomalies in nanos1 2/2 mice, we noticed the difference in the distribution between nanos1 or LacZmRNA and the b-gal activity. We observed in situ signals for both nanos1 and LacZ in either pyramidal cells in the CA1, CA2 and CA3 regions, or granule cells in the dentate gyrus. When we used the same probes against the brain of nanos1 2/2 (with nanos1 probe) or nanos1 þ/þ (with LacZ probe) mice as a negative control, the mRNA signal was not detected for either nanos1 or LacZ (data not shown), indicating that the in situ signals are specific. However, the b-gal positive signals were observed in the granule cell and molecular layers of the dentate gyrus, and the pyramidal cell of the CA3 region, while the signal was totally missing in the CA1 and CA2 regions. The LacZ signal in the molecular layer of the dentate gyrus can be ascribed to the dendrites of granule cells. The granule cells in dentate gyrus gives rise to the mossy fiber projection to the CA3 field, which could account for the b-gal staining in the CA3 region. On the contrary, although it is known that Schaffer collateral axons from pyramidal cells in CA3 project to CA1 and CA2, we did not observe any b-gal staining in both CA1 and CA2 regions, which is really inconsistent with the expression (D) RT-PCR analysis of nanos1 mutant mice. nanos1 expression is not detected in the nanos1 2/2 mouse. One-half of the nanos1 expression is observed in the nanos1 þ/2 mouse compared with that of the nanos1 þ/þ mouse.
pattern of the transcripts. We do not have any reasonable explanation for this discrepancy at the moment, but the result might indicate the difference in the translational efficiency between pyramidal cells in CA1 -CA3 and granule cells in the dentate gyrus. Finally, we asked whether the nanos1 2/2 mice exhibit a significant abnormality in their behavior. Contrary to our expectations, we could not detect any behavioral abnormality in the nanos1 2/2 mice. However, we have used mice with a mixed genetic background based on the outbred strain ICR throughout this study. Since it is well known that the behavior trait is affected by the genetic background, we are planning to re-evaluate the phenotype once we establish the congenic mouse strain with C57BL/6 genetic background. Nevertheless, some change of the gene expression is suggested by Gene Chip analyses. It has been reported that the nanos proteins function as translational repressors as determined by the detailed analysis of Drosophila germ cell development (Gavis and Lehmann, 1994; Murata and Wharton, 1995; Kobayashi et al., 1996; Asaoka et al., 1998) . Although the only conserved motif is a zinc finger RNA-binding motif, the translational repression is mediated by this motif (Curtis et al., 1997) , which is also shared by nanos1. Therefore it is reasonable to assume that nanos1 also works as a translational repressor. However, in the present study, it was not feasible to analyze the protein profile. We can speculate that the loss of nanos1 results in the increase in synthesis of a particular protein by removing the suppressive effect. The over-expression of such protein(s) might lead to the activation or suppression of target genes of such protein(s). Therefore, the results obtained by our Gene Chip analysis have to be carefully interpreted.
Recently, a human nanos related genes have been also identified by the human genome analysis (XM 064918 and XM 089800). It is now clear that the nanos homolog genes are evolutionarily conserved and there are several nanos genes in mammals. Although nanos1 appears not to be involved in the germ cell development in mice, the difference in the mechanisms of germ cell development and the function of nanos between mammals and nonmammals will be elucidated in the near future.
Materials and methods
Cloning of nanos1
Samples of mRNAs obtained from the testis, ovary, and 7.5 days postcoitum (dpc) embryos were prepared using a QuickPrep Micro mRNA Purification kit (Amersham Biosciences) according to the manufacturer's instructions. Reverse-transcription reaction was performed using a SMART PCR cDNA Synthesis kit (Clontech), which contained a cDNA synthesis primer (5
For the amplification of a partial cDNA fragment of the mouse nanos homolog, the following degenerated primers kindly provided by Hidefumi Orii (Himeji Institute of Technology, Japan) were used (Mochizuki et al., 2000) :
PCR was performed using the Advantage cDNA Polymerase Mix (Clontech) as follows: denaturation at 948C for 30 s, annealing at 508C for 60 s, and a final extension at 688C for 60 s for 35 cycles. The amplified PCR products were subcloned into the pCR II cloning vector using a T/A Cloning kit (Invitrogen) and the clone was sequenced from both directions using an ABI PRISM automated DNA sequencer (Perkin-Elmer Applied Biosystems). A full-length cDNA for nanos1 was obtained by the hybrid capture method (Abe, 1992 ) and the subsequent colony hybridization. Briefly, the biotinylated DNA probe synthesized from partial nanos1 cDNA was hybridized with the PCR-amplified cDNA sample derived from a 7.5 dpc embryo (see above) at 428C for 16 h. After hybridization, probe-cDNA hybrids were separated from unhybridized cDNA using streptavidin-coated magnetic beads, Dynabeads M-280 (DYNAL). The recovered cDNA was subjected to PCR and the products were subcloned into the pCR II cloning vector (Invitrogen).
Semi-quantitative RT-PCR
RT-PCR was performed to detect the change in the relative amount of mRNA in eggs as described previously (Haraguchi et al., 1999 ) with some modifications. Total RNA was isolated from 20 eggs at each stage using ISOGEN (Nippon Gene) and subjected to quantitative RT-PCR using an mRNA Selective PCR kit (Takara, Japan) according to the manufacturer's protocol. Total RNA from the brain and ovary was also isolated using ISOGEN. As an external standard for evaluating the efficiency of RNA extraction and RT-PCR, 20 pg of rabbit a-globin mRNA (Gibco BRL) was added before the isolation of total RNA. The pairs of primers were 5 0 -TGCACTTCCCAGTATTGA-GAGGGTG-3 0 and 5 0 -GCAATCAAGGTGGGTTAA-CACTGCT-3 0 for nanos1, 5 0 -ACCACAGTCCATGCCAT- þ/2 and nanos1 2/2 mice. (C,D) HE staining revealed no difference between nanos1 þ/2 and nanos1 2/2 mice. Gene expression was compared between nanos1 þ/2 (E and G) and nanos1 2/2 mice (F,H) using RNA probe for Math2 (E,F) and Prox1 (G,H). DG, dentate gyrus; Mo, molecular layer; Gr, granule cell layer. (I) RT-PCR was conducted to reveal the difference in gene expression between nanos1 þ/þ and nanos1 2/2 . Cycles for PCR were determined for each gene to detect the difference in the amount. Genbank accession number was used to indicate genes (detail are shown in Tables 1 and 2 ). G3PDH was used to indicate the equivalence of starting RNA amounts.
CAC-3
0 and 5 0 -TCCACCACCCTGTTGCTGTA-3 0 for G3PDH, and 5 0 -GCAGCCACGGTGGCGAGTAT-3 0 and 5 0 -GTGGGACAGGAGCTTGAAAT-3 0 for rabbit a-globin. PCR was performed with 22 cycles for rabbit a-globin, 24 cycles for G3PDH and 25 cycles for nanos1. Each cycle consisted of 40 s of denaturation at 858C, 30 s of annealing at 548C and 60 s of extension at 728C. The PCR products were separated by electrophoresis in 1.5% agarose containing ethidium bromide and were photographed (Luminous Imager, AI-C). Primer sequences and PCR conditions for genes implicated by Gene Chip analysis are shown in Table 2 .
Vector construction and homologous recombination
Genomic nanos1 clones were isolated from the TT2 ES cell genomic DNA library established in l Fix II using the nanos1 cDNA probe (Kitajima et al., 2000) . A targeting vector was designed to knockin the LacZ gene under the control of the nanos1 promoter. For the short homology arm, a PCR-amplified 1-kb fragment corresponding to the 5 0 -upstream region was ligated with the LacZ cassette immediately before the translational start site of the nanos1 gene. A 6-kb fragment of the 3 0 -flanking region (Sac II-Bam HI) was subcloned into the pgk-neo-pgk-DT-A cassette. After ligation of short arm LacZ into the long arm cassette, the targeting vector was linearized with Not I and introduced into TT2 ES cells by electroporation (Yagi et al., 1993) . Among 43 G418-resistant ES clones examined, two clones, #29 and #44, were detected as homologous recombinants by PCR using primers NosL4: 5 0 -CCCAAGCTTCTCA-CAGCATCAGAGGAGAGGTC-3 0 and LacZ: 5 0 -CTCCATGCTTGGAACAACGAGCGCAGC-3 0 . These clones were further verified by the Southern blot analysis.
Generation of nanos1-deficient mice
The aggregation method was used to generate chimera mice (Kitajima et al., 2000) . A germline chimera was a Genes that exhibited a significant amount (raw data are more than 50) and whose expression level decreased less than 0.5485 (decreased genes) and more than 1.8061 (increased genes) are presented.
b Annotation of some EST sequences were conducted through use of the Celera Discovery System and Celera Genomics associated data bases. obtained using ES cell clone #44. The chimera mice were crossed with CAG-Cre mice (Sakai and Miyazaki, 1997) to excise the neo cassette, and these founder mice were bred with C57BL/6 or ICR mice. All analyses were performed on ICR background unless otherwise indicated. Genotyping was performed routinely by PCR using 3 0 -LacZ: 
mRNA in situ hybridization
A method for whole-mount in situ hybridization was described before (Saga et al., 1996) . Antisense and sense probes specific to nanos1 were prepared from the 3 0 -untranslated region. For staining of eggs, zona pellucida was removed with an acidic tyrode solution. The adult brain was sliced using a microslicer (DTK-3000, Lica). All samples were fixed with 4% paraformaldehyde (PFA).
b-galactosidase (b-gal) staining
Embryo specimens were fixed in a solution containing 2% PFA, 0.2% glutaraldehyde, and 0.02% NP-40 in PBS. Some specimens were embedded in the O.C.T. compound (Tissue-Tek) and sliced using a cryostat (CM1850, Lica). For brain samples, mice were sacrificed by transcardiac perfusion under deep anesthesia. After perfusion with 4% PFA for 15 min, the brain was removed, postfixed briefly and washed with PBS. b-gal activity in whole-embryo samples was detected as described previously (Saga et al., 1992) . In order to enhance the sensitivity to b-gal activity, nitro blue tetrazolium chloride (NBT, Wako) was used as a substrate for all cryostat sections.
Electron microscopy
Brain samples were prepared as described above and postfixed without detergents. b-gal staining was performed using Bluo-gal (Invitrogen) as a substrate (Sekerková et al., 1997) . Samples were postfixed in 2.5% glutaraldehyde in PBS for 48 h and 2.0% OsO4 in PBS for 1 h, washed in PBS, dehydrated in a graded ethanol series (50, 60, 70, 80, 90, 99.5, 100%) , infiltrated, and then embedded in EPON 812 (TAAB). Prepared ultrathin sections were stained with uranyl acetate and lead citrate. The sections were observed under an electron microscope, H-7500 (Hitachi).
Affymetrix GeneChip analysis of mRNA expression
Total RNA was prepared from the carefully removed hippocampal region of 8-week-old wild-type and nanos1 2/2 male mice. For each sample analyzed, 5 mg of total RNA was used to synthesize cDNA, using a customized cDNA kit (Invitrogen) with a T7-(dT) 24 primer. Biotinylated cRNA was then generated from the cDNA using a BioArray High Yield RNA Transcript kit. Affymetrix (Santa Clara, CA, USA) murine genome U74Av2 GeneChip probe arrays were hybridized for 16 h in Gene Chip Fluidics Station 400, washed and scanned with a dedicated Hewlett-Packard Gene Array Scanner. Gene chip data were analyzed using GeneSpring microarray data analysis software (Silicon Genetics, CA, USA).
Behavioral analysis
Passive avoidance test and active avoidance test were conducted as previously described (Koide et al., 2000) . In the passive avoidance test, a mouse was placed in the light chamber of the apparatus (O'Hara and Co., Ltd., Tokyo). Once inside the dark chamber, the mouse received an electric shock (100 V, constant; 0.15 mA, average) until it (25) escaped into the light chamber. The next day and 4 days after the initial test, a retention test was performed without the electric shock in the dark chamber. The exit latency was measured for 300 s until all the four legs had re-entered the dark chamber. The active avoidance test was performed in a shuttle avoidance apparatus (O'hara and Co., Ltd.). The conditioned stimulus consisted of a signal light (30 V, 0.1 A, 3 W) placed on the lid and sound (600 Hz, 60 dB) for 5 s, preceding the unconditioned stimulus (electric stimulation, 30 V constant; 0.05 mA average, through the grid floor) for 3 s. Both conditioned and unconditioned stimuli were terminated when the mouse ran to the other side of the apparatus. Each animal received 60 trials per day for 4 consecutive days, a total of 240 trials with an inter-trial interval of 22 s. Both tests were conducted using five female (3 months old) wild-type, heterozygous and homozygous mice obtained by intercrossing of pairs backcrossed to the ICR strain three times.
